Abstract-The absorption of light by
aph@) %?,(Jv S(h) x %,(N where a,,,(A) is the theoretical maximum light absorption of the cellular material, ucm, in a completely dissolved state. In practice, the estimations a,,,(h) for living phytoplankton are hampered by the process of removing the chloroplast/thylakoid membranes from the organic matrix of the cell, the destruction of the pigment-protein complexes when an organic solvent is used, and the interference of the excited states of the pigment chromophore by the organic solvent. What is actually being measured by many of the current methods trying to determine u,,,(h) is a,,(A), i.e. the absorption of light by the pigment material in the organic medium of the experiment (methanol, acetone, Triton-X, etc.) . The solvation factor, S, in the above equation is the ratio of the true a,,,(h) to the measured a,,(h).
The reduction of absorption at a single wavelength, A, can be described by the parameter Q: (A): where u,,(A) is the absorption of light by the intracellular material of living phytoplankton, and aso, is the absorption of light by the same cellular material, a,,(A), dispersed in a dissolved state (Morel and Bricaud 198 1; Sathyendranath et al. 1987, as F) . The dissolved state refers to the lack of any of the absorptive atoms or molecules in ucm interfering with absorption of light by another atom or molecule of the same material. uth(A) and a:,(A) refer to the concentration-specific absorption of the intracellular material in particulate phase and dissolved phase, respectively; [concn] refers to the concentration of the intracellular material. Assuming Q,*(A) can be accurately described, one can further substitute for u,,,(A):
We have developed an internally consistent measure of a,,(A), a,,(h), Chl a concentration, and pheopigment concentration to determine the value of Q,T X S. This relationship is used to determine a functional relationship for Chl a absorption for high-light-adapted, natural phytoplankton populations in optically clear waters. The nonlinear packaging effect in these waters is insignificant at the red end of the spectrum.
Exclusion of the weight-specific absorption of pheopigments and the assumption of a zero u,,(h) at a zero pigment (Chl a + pheopigment) concentration produces a misleading Chl uspecific absorption and a false determination of pigment packaging. An algorithm is developed for predicting Chl a concentration from ~~~(675).
While Eq. 1 and 2 are true in theory, the methods for deriving Q,*(A) generally solve the following equation:
where u&,(A) is the specific absorption of Chl a dissolved in an organic medium, and S is the ratio of true theoretical u,*,,(A) to u&(A). a:,(A) refers to the specific absorption of the pigments in the organic matrix of the cell (i.e. bound to its pigment-protein complex completely dissolved in a solution of intracellular organic fluid). u&(A) will differ depending on the type of organic solvent; that is, 0.0202 m* [mg Chl al-l at 664 nm in 90% acetone (Lorenzen and Jeffrey 1980) or 0.0171 m2 [mg Chl a]-' at 665 nm in methanol (MacKinney 1941) . However, the product of S(A) and a&(A) [and by extension Q:(A) X S(A) X u&(A)] should be constant for the same sample, regardless of the organic solvent used. A major assumption in this formulation (whose validity is rarely questioned) is that pigments are the only absorptive material in a,,(A), and all of u,,(A) is contained in U 0111* Attempts have been made to determine the packaging efOne of the driving forces behind the determination of ocean color from remotely sensed data is to derive algal biomass from changes in remote-sensing reflectance ratios (Carder et al. 1986 ). The most common measure of algal biomass is the amount of Chl a in the water column, as this pigment is ubiquitous to all phytoplankters. However, the determination of Chl a concentration by optical techniques is confounded by the nonlinear changes in light absorption efficiency. This efficiency, Q,(A) (Duysens 1956; Morel and Bricaud 1981) , is defined as the ratio of energy absorbed to the energy impinging on the geometric cross section of a particle. As a general rule, Q,(A) increases at a decreasing rate as intracellular pigment concentration increases. This relationship is evident in the nonlinear flattening of Chl aspecific absorption spectra as size and cellular pigment concentration increases (Morel and 
fect while maintaining the pigment-protein bonds using detergent solubilization (Berner et al. 1989; Sosik and Mitchell Lmnol. Oceanogr., 42(5), 1997, 961-968 0 1997 , by the American Society of Limnology and Oceanography, Inc Pigment packaging and Chl a-specific absorption in high-light oceanic waters Notes 1991), sonication (Geider 1987) , and passage through a French press followed by sucrose gradient centrifugation (Johnsen et al. 1994) . While these methods maintain pigment-protein interactions, they are still affected by the solvation effect as the pigment-protein complexes are redissolved into an organic solution different from the original cellular matrix. One of the most interesting results of Johnsen et al. (1994) is that the Chl a-specific absorption of different pigment-protein complexes from the same organism can be highly variable at 675 nm, ranging from -0.017 m2 [mg Chl a]-l for photosystem 1 (PS 1) to 0.027 m2 [mg Chl a]-' for ACP ( fig. 2 in Johnsen et al. 1994 ). This suggests that Chl u-Chl c-peredinin (ACP) protein complex may absorb light more efficiently at 675 nm than a protein complex (PSl) dominated solely by Chl a. The implications of Johnsen et al.'s work suggest that unpackaged Chl a-specific absorption, a$(675), may not be a constant value in low-lightadapted samples that contain a variety of light-harvesting pigments in addition to Chl a. Many of the published Chl u-specific absorptions were determined on cultures grown in low light, and as a result the variability between reports may reflect a true variability in a,*,,(675) for low-light-adapted phytoplankton.
Another method for determining packaging effects combines optical theory with measurements of the optical properties of intact cells (Stramski and Reynolds 1993; Stramski et al. 1995) . It is certainly one of the most theoretically rigorous methods and may be the ideal for cultured samples. However, one of our goals is to develop a methodology that is relatively simple, consistent, and applicable to sampling at sea. The above techniques are fairly time intensive and are not as amenable to sample processing at sea as the filter pad technique (Yentsch 1962; Kishino et al. 1985; Roesler et al. 1989; Kirk 1994) . Use of the filter pad technique also allows us to separate the living components of the particulate absorption, u,,(A), from the nonliving, or detrital component, u,(A). This separation is especially critical in natural populations of phytoplankton that have large detrital absorptions when compared to cultured samples. This living component is defined as
(4) It is well known that extraction by organic solvents produces wavelength shifts because it destroys both the pigment-protein interactions and the macromolecular organization of these complexes on thylakoid membranes. In addition, different organic solvents will have their own wavelength absorption maxima for Chl a. However, u,*,(A) is well defined for each of these solvents; for example, 0.0171 m2 [mg Chl al-l at 665 nm for Chl a in methanol (MeOH). For highlight-adapted species, u,*,,(A) should be reasonably constant as well, because photosynthetic accessory pigments are minimized. From Eq. 3 if u,*,(A) and a,*,,(A) are constant, then S(A) should be constant. Rearranging Eq. 1 provides an equation to derive an empirical solution for the product of Q:(A) and S(A):
If S(A) is constant (albeit unknown), then this empirical solution will provide a means for assessing the relative effect of packaging. This empirical solution for the product of Q,*(A) and S(A) can then be used with Eq. 3 to determine the Chl a concentration from a,,(A) derived from remotesensing reflectance (Carder 1994) . The primary goal of the present work is to derive a solution for the product of Q,*(A) and S(A) at a wavelength that is minimally affected by accessory pigments, i.e. red absorption maximum for highlight-adapted phytoplankton. This type of empirical solution could then be embedded into remote-sensing algorithms for future ocean-color satellite sensors (i.e. SeaWiFS, to determine Chl a concentrations). The methodology used is currently applicable for highlight subtropical waters of optical classification oceanic I-III (Jerlov 1976) , where absorption of light by photosynthetic accessory pigments is presumably very small (Bidigare et al. 1990a; Hoepffner and Sathyendranath 1991) . Because high-light-adapted phytoplankton generally contain blue wavelength-absorbing photoprotective accessory pigments, use of this methodology is limited to the red absorption peak. The high-light adaption is necessary to reduce the problems of variable az,(675) (Johnsen et al. 1994 ) as our pigment-protein specific absorption should approach that of PS 1 at 675 nm. There is a shift in wavelength in our analysis, a,t, (675) to wm(N = uMeOH (666), that results from the dissolution of the pigments in an organic solvent (Seely and Jensen 1965) . (The wavelength 666 nm, rather than 665 nm, is denoted in the following equations because the spectrophotometer output is in 2-nm increments.) One paramount objective in the development of this methodology was to have internal consistency within the measurements. Because our Chl a concentrations and u,,,,(666) were determined from the same organic solvent used to strip the pigments from the a&675) pad, our comparisons of a,,(675) and a,,,,,(666) should be internally consistent and robust, independent of any small percentage of unextracted pigments.
Surface water samples were collected on several Gulf of Mexico and Arabian Sea cruises with Niskin bottles, buckets, or from a ship's seachest (Fig. 1 ). Water volumes of 0.3-3.5 liters were filtered at low vacuum pressures (5-7 inches Hg) in low light onto 25-mm GF/F (Whatman) filter pads. Temperature and salinity measurements were made with a Sea Bird conductivity-temperature-depth meter (CTD). The surface samples were fairly representative of the first optical depth as noted by comparisons of the depth of the surface mixed layer and calculations of the attenuation coefficient from a Biospherical Instrument radiometer, MER 2040 (H. Hochman pers. comm.). The reference to high light in this work refers to solar noon irradiance greater than 1,000 pmol photons mm2 s'.
The spectral transmissivity, T, of the pads was measured with a 252-channel spectral radiometer (SE 590, Spectron Engineering) at a resolution of 2.7 nm for all but the TN048 cruise in which a 5 12-channel spectral radiometer at a resolution of 1.1 run was used. Transmissivity measurements of each sample pad were made, in tandem with a wetted blank, within minutes after filtration. Each sample group (sample pad and blank pad) was placed side by side on individual opalglass diffusers, illuminated with a tungsten halogen lamp, and a 31 "i' the transmissivity was measured in rapid sequence (e.g. sample, blank, sample, blank) several times within 30 s. The optical density, OD,(A), between wavelengths 750 to 780 nm were averaged, and this value was subtracted from OD,(A) at each wavelength as a correction for light scattering (Bricaud and Stramski 1990) . Particulate absorption can then be calculated:
The glass-fiber filter technique suffers from difficulties in the quantification of the pathlength amplification factor, or /? factor (Kiefer and SooHoo 1982; Mitchell and Kiefer 1988; Bricaud and Stramski 1990; Mitchell 1990; Yentsch and Phinney 1992; Cleveland and Weidemann 1993) . In order to minimize the errors associated with an inaccurate description of beta for low OD values, we used only those samples with a greater particulate OD of 0.04 at 675 nm. As a test to determine the validity of using the beta function of Bricaud and Stramski (1990) , we measured the u,(A) of sample pads obtained using different filtering volumes of seawater, from the same bottle sample. By making the assumption of homogeneity within the bottle, the u,(A) of each filter pad should be equal, if the P(A) factor is consistent. We used Eq. 6 and assumed that u,,(A) equals a,,(A), where 1 and 2 represent the low and high filter volume samples, respectively. The necessary P,(A) for the low-volume sample that will set the absorption spectra of the two samples equal is then found by where P(A) is the correction for pathlength amplification as functionalized by Bricaud and Stramski (1990) for oligotrophic waters.
The pigments were then extracted in the shade with methanol heated to near boiling temperatures in a water bath, for lo-20 min or until all of the color was removed from the pad (Kishino et al. 1985) . The extracted sample pad was rewetted before measuring its transmissivity. The resulting ud was calculated in the same manner using Eq. 6. The values for u&675) and ~~(675) were used in Eq. 4 to calculate q,,W3.
PO) = P2(A) x volu me, X OD,(A)
volume, X OD,,(A) *
The results (not shown) indicate that the derived beta relationship for the low-volume sample, P,(A), overlaps the Bricaud and Stramski (1990) p function used to calculate u,,(A) for the high-volume sample, P*(A). It is only below 0.04 OD that this functionality begins to seriously break down. This test suggests that the Bricaud and Stramski (1990) /3 function is robust for our set of instrumentation. The spectral absorbance of the hot methanol extract filtered
We used only surface samples to avoid problems with Chl with a 0.2-pm syringe filter was measured using a Hewlett b interference that would cause overestimation of pheopigPackard 8452A diode-array spectrophotometer on the Gulf of ments with a commensurate decrease in Chl a estimations Mexico cruises and a Hitachi U-3300 double-beam scanning spectrophotometer on the Arabian Sea cruises. The average absorption value between 750 and 780 nm was subtracted from the rest of the spectra to correct for the very small amount of scattered light. A long-pass filter (645 nm) was placed on the source side of the cuvette eliminating fluorescence for a number of test samples in order to indicate that the spectrophotometer rejected this possible contamination. Chlorophyll a and pheopigment concentrations were determined fluorometrically with the standard acidification technique (Yentsch and Menzel 1963; Holm-Hansen and Riemann 1978) on a Turner Designs lo-AU fluorometer in 100% methanol. The fluorometer was calibrated using Chl a (Sigma) from Anucystis niduluns. A cold overnight methanol extraction was performed during the BONGl, BOSS 1, and Pelican cruises to test for the efficiency of the immediate hot methanol extraction for the samples processed at sea. The cold extract was obtained by replicate filtration of the same water sample and extracting the pigments in 100% methanol in the dark for 12-24 h at 0°C. These cold samples were vortexed before and after the extraction period and centrifuged prior to fluorometric measurement. All samples were processed at sea with the exception of BONG 2 fluorometric measurements [u,,(675) and u,,,,(666) measurements were processed at sea]. Replicate filters from BONG2 were frozen in liquid nitrogen and overnight cold extractions were done 1 week later.
Notes for the fluorometric method (Loftus and Carpenter 197 1; Gibbs 1979; Trees et al. 1985; Vernet and Lorenzen 1987a) . For the PELICAN cruise, HPLC data confirmed the small amount of Chl b in the surface oligotrophic waters of this cruise, as the Chl b : Chl a ratio was an average of 5%. In addition, the ratio of fluorometric-Chl a to HPLC-Chl a (a, plus a,) was randomly distributed about one (data not shown). Samples taken from open water stations during the Arabian Sea (TN048) southwest monsoon were omitted because they had relatively high pheo: Chl a ratios, and we could not exclude the possibility of Chl b contamination. In addition, samples taken during this same cruise from upwelling regions outside of our oceanic I-III optical classification were omitted.
One of the potential problems with calculating a specific absorption coefficient for Chl a using the method we have chosen is the incomplete extraction of the pigments. Methanol has been shown to extract pigments better and more rapidly than acetone (Holm-Hansen and Riemann 1978), especially from green and blue-green algae (Talling and Driver 1961) . We were able to extract most of the pigments in the hot methanol method suggested by the slope of the regression line between the cold and hot extractions of 1.02 (r2 = 0.97, n = 46) (data not shown). In addition, visual inspection of a,(h) showed no residual peak in the absorption spectra at 675 nm, also suggesting complete extraction.
The first step in the development of an algorithm to predict biomass concentration for high-light subtropical waters was to test our ability to measure the sum of the in vitro Chl a and pheopigment (including all of the degraded products of chlorophyll) absorption and compare it to the expected value of unpackaged Chl a and pheopigment absorption. The equation for this is predicted a,,,,(666) = az,(666) [Chl a] + a&,(666) [pheol, (8) where the a*(666) values refer to the specific absorption of Chl a and pheopigments in methanol. The specific absorption for Chl a of 0.017 1 m2 [mg Chl a]-I in methanol (converted from units 2 g-l cm-]; MacKinney 1941) was used in conjunction with our own measured value of pheopigmentspecific absorption at 666 nm from acidified (to a final molarity of 0.01 M HCl) Chl a (Sigma) of 0.0048 m2 [mg Chl a]-I. This acidified Chl a (pheophytin a) spectra was considered an adequate representation of the pheopigments found in natural waters (Holm-Hansen and Riemann 1978; Welschmeyer 1994 ). However, because pheophorbide a tends to dominate the pheopigment concentrations (Bidigare et al. 1985; Welschmeyer and Lorenzen 1985; Vet-net and Lorenzen 1987b) , the specific absorption of the pheopigments is increased by the Chl a : pheophorbide a molecular weight ratio, 894/593 (Welschmeyer and Lorenzen 1985) , to a value of 0.0072 m2 [mg pheo a]-I. The bracketed terms of Chl a and pheopigments refer to the fluorometric determination of the concentrations of these pigments. The pheopigment concentration is adjusted by the ratio 593/894 to correct for the lower molecular weight of pheophorbide a relative to Chl a. A null hypothesis that the differences between the predicted a,,,, (666) values and the measured (666) values are zero could not be rejected using a twotail paired sample t-test (n = 58; a = 0.05). The coefficient of variation (C.V.) of the error between the predicted and the measured was 9.7% (Fig. 2a) . This implies that over this range of Chl a and pheopigment values, our methodology of measuring fluorometric and spectrophotometric Chl a and pheopigment concentrations was internally consistent, with only a small amount of random error.
Pigment packaging can be determined empirically from a comparison of a,,(675) to a,,,,(666). In this study, we find that there is no curvature to this relationship (Fig. 2b) . From Eq. 5b, we see that any curvature must be solely the function of Q,*(675), because S(675) is constant. Therefore, there must not be any nonlinear pigment packaging in these samples. One may also assume that Q$(675) is maximized (close to 1) for these samples at this wavelength because of the nature of the light environment. This is similar to the experimental results of other studies in high-light, oligotrophic waters (Bidigare et al. 1990b; Bricaud and Stramski 1990; Babin et al. 1993; Hoepffner and Sathyendranath 1993; Nelson et al. 1993) . A regression between these two peak values gives the following: a,,(675) = 0.904 a,,,,(666) + 0.001 (9) with an y2 of 0.94. The intercept is significantly different from zero at the 99.9% confidence level (the null hypothesis that the y-intercept is equal to zero is rejected at a P value of BO.001).
A distinction should be made between the types of pigment packaging that are being combined in the product of Q,T(675) and S(675). There is the packaging effect that results from the nonlinear increase in absorption as chloroplastithylakoid membrane concentration per cell increases. In addition, there is the linear change in absorption resulting from the destruction of the pigment-protein bonds and the true solvent effect; that is, the solvent's interference with the excited states of the pigment chromophore (I? Falkowski pers. corm-n.). It was not possible in this study to separate Qz(675) from S(675). Hence, this regression equation represents both the reduction of absorption resulting from the intracellular compartmentalization of the pigment-protein complexes (nonlinear packaging) and the change in absorption resulting from the extraction of the pigments into an organic solvent (linear packaging). This should not cause a problem in the development of an algorithm, as the combination of the above effects appears to be constant over the range of a,,(675) and a,,,,(666) of our survey.
This methodology should hold true for other organic solvents as well. Suppose we were to use acetone as the organic solvent to examine the relationship between a,,(675) and a acetone(664), where 664 refers to the wavelength of peak Chl a absorption at the red end of the spectrum. The relationship between a,,(675) and aacetone (664) would still be expected to be linear, because S,,,,,,,(675) would still be a constant but different value. Qz(675) would be expected to be the same for any organic solvent. Therefore, the value [S,,,,,,,(675) X a acetone(664) + intercept] would equal [S,,,,(675) X a,,,,(666) + intercept; Eq. 51, because a,,,(675) should be equivalent among different solvents.
A possible source of bias in the slope of the linear regression is our use of a diode-array spectrophotometer in measuring a,,,, (666) for the Gulf of Mexico samples (-30% of the total samples). It has been demonstrated that some laboratories using such a spectrophotometer underestimate Chl a absorption by -6% when compared to those using a monochromatic spectrophotometer (Latasa et al. 1996) . This contamination results from Chl a fluorescence at 675 nm when the Chl a is excited with the white light source found in the diode-array spectrophotometer. We found no such contamination in the absorption of the samples we tested using a long-pass cut-off filter on our source lamp. However, we acknowledge this as a potential source of bias.
Upon closer inspection, the intercept from Fig. 2b becomes increasingly important at low total pigment concentrations and the reason for its existence needs to be explored. Pigment absorption in the organic solvent, a,,,,(666), is indeed zero when pigment concentration is zero and we can predict a,,,,(666) with a high degree of accuracy (Fig. 2a) . We could substitute our predicted values of a,,,, (666) against a,,(675). The positive intercept of the a,,(675) to a,,,,(666) regression represents a real absorption difference between the particulate samples and the pigments extracted from those samples that are dissolved in an organic solvent. This suggests that there is some small absorption to the cellular material a,,(675) that is not reflected by the pigment concentration in the particulate absorption measurement, aJ675); that is, a,,(675) contains a small amount of absorption resulting from cytoplasm/cell walls (Morel and Bricaud 198 1) . When removing the pigments from their cellular matrix, the solvation factor, S(675), includes an intercept that reflects the residual absorption of a,,(675) at a zero pigment concentration. The important point that should be emphasized is that when regressing or curve fitting pigment concentrations vs. a,,(675), forcing the function through zero a,,(675) at a zero pigment concentration will have a dramatic and misleading effect on Chl a-specific absorption.
To illustrate this point, we would like to display our data in the manner that these measurements are typically displayed (Fig. 3) . Looking first at the symbols denoting Chl a only, we see Chl a-specific absorption decreasing with increasing concentration. If this were the only display of these data, one may erroneously conclude that pigment packaging was definitely occurring in our samples.
In natural samples, pheopigment concentrations can be a significant fraction of the pigment contribution, and exclusion of the pheopigment contribution to specific absorption will artificially increase the Chl a-specific absorption. Inclusion of the pheopigment concentrations does reduce the magnitude and curvature of the specific absorption vs. concentration relationship (Fig. 3) . However, the variability is still high, resulting from the differing specific absorptions of pheopigments and Chl a at 675 nm (Bricaud and Stramski 1990) . Hence, in order to reduce the variability of the specific absorption calculation, one must include pheopigment weight and its relative contribution to aJ675). Note that there is still curvature in this Chl a + pheopigment relationship. We conclude from Fig. 2b that nonlinear pigment Notes packaging is negligible. The downward sloping curvature with increasing pigment concentration in Fig. 3 results from the residual absorption in the a,,(675) vs. a,,,,(666) relationship (0.001 intercept), which becomes increasingly significant at low pigment concentrations. Trying to determine the Chl a-specific absorption coefficient by curve fitting the data in Fig. 3 would give a false estimate of the coefficient and pigment packaging.
The ratio of pheopigment to Chl a concentration in this study was extremely variable. A regression of this ratio against Chl a produced a line with a small negative slope, -0.0254, a large intercept of 0.3574, and a very small r* = 0.04 (n = 59). The equation for pheopigment concentration becomes 
The average of these samples is high when compared to some HPLC measurements of oligotrophic gyre pheopigment concentrations (Ondrusek et al. 1991) . We suggest that this is not the result of Chl b contamination, but instead may represent a real difference in water type. Our range of surface Chl a concentrations from 0.2 to 2.1 [mg Chl a] m-' would suggest that these are not the same waters as those found in the central North Pacific or the Sargasso Sea. Over a similar range of Chl a concentrations in the Southern Ocean, there was an average 0.49 pheopigment : Chl a ratio using the HPLC method (Bidigare et al. 1985) . Conversely, the summertime surface pheopigment concentrations in the Sargasso Sea determined with the fluorometric method are frequently 0.00 [mg Chl a] rn-' (Knap et al. 1993 (Knap et al. , 1994 (Knap et al. , 1995 . As long as care is used in distinguishing samples that have a high probability of contamination by Chl b, the fluorometric method should give reasonable estimates of Chl a and pheopigment concentrations. The difference between the pheopigment concentrations in this study and those of the oligotrophic gyres suggests the need for regional algorithms. Incorporating this Eq. 10 into Eq. 8 produces an equation for predicting aMeOH (666) solely as a function of Chl a:
A null hypothesis that the differences between the predicted values of a,,,,(666) using Eq. 11 and the measured values of a ,,,,(666) are zero could not be rejected using a two-tail sample t-test (n = 58; (Y = 0.05). The C.V. of the error between the predicted and the measured values was 10.3%. The percentage difference in the predicted a,,,,(666) using Eq. 8 and that predicted from Eq. 11 for the sample with the largest underprediction of the pheopigment : Chl a using Eq. 10 is 4.8%. The difference for the station with the largest overprediction of the pheopigment : Chl a ratio is -6.6%. Equation 11 is substituted into the regression solution of Eq. 9 to yield the following equation to predict a,,(675) from a known concentration of Chl a: a,,(675) is shown in Fig. 4 . A null hypothesis that the differences between the predicted Chl a concentration using Eq. 12 and the measured Chl a concentration are zero could not be rejected using a two-tail paired sample t-test (n = 58; cy = 0.05). The C.V. of the error between the predicted and the measured Chl a concentrations was 4%. Equation 12 suggests that the effective per unit Chl a-specific absorption, a,*(675), which includes the functionality of the pheopigment : Chl a ratio and the residual nonpigment absorption indicated by the y-intercept (Fig. 2b) We have developed an internally consistent method for measuring the relationship between the particulate absorption of light due to living phytoplankton biomass at its red peak, a,,(675), and the absorption of light due to the Chl a from that biomass in a dissolved state at 666 nm, a,,,,(666). This relationship is a measure of the packaged state of the pigments within the particulate phase, Q,"(675), and the effect of solvation, S(675), on a,*,,(675). These results demonstrate that nonlinear pigment packaging in high-light, Jerlov case I-III surface waters is insignificant at 675 nm, because the relationship was strictly linear with Chl a concentration. The regression of a,,(675) vs. a,,,,(666) quantifies the relationship of Qz(675) X S(675), and Eq. 5b takes the form of a,,(675) = 0.904a,,,,(666) + 0.001. Trying to determine the package effect and Chl a-specific absorption by curve fitting the Chl a vs. a$(675) relationship will neglect the possibility of a non-zero a,,(675) value at a zero Chl a concentration. This will lead to a false estimation of Chl a-specific absorption and the pigment-packaging effect, especially at low Chl a concentrations. Chlorophyll a-specific absorption calculations that do not include both the specific absorption and the weight of interfering pheopigments are destined to overestimate the Chl u-specific absorption coefficient and the package effect for in vivo Chl a.
When using the pad method to determine particulate absorption, it is important to load the pads sufficiently to obtain a signal relatively unaffected by the uncertainty of /3. Here, the minimum OD,(675) for particulate samples that could be used was 0.04.
parison between the Peru upwelling area and the Sargasso Sea. Limnol. We have developed an internally consistent methodology to derive Chl a concentrations from measurements of ~~(675). This methodology can be used in conjunction with measurements of remote-sensing reflectance to create algorithms that will estimate Chl a concentrations in Jerlov oceanic I-III waters.
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